Design and Implementation of MPI on Portals 3.0

RonBrightwell®, Arthur B. Maccabé, andRolf Rieser

1 ScalableComputingSystemsSandiaNationalLaboratoriesAlbuquerqueNM 87185-1110,
USA,
{bright,rol f }@s. sandi a. gov
2 ComputerScienceDepartmentiniversity of New Mexico, AlbuquerqueNM 87131-1386
maccabe@s. unm edu.

Abstract. Thispaperdescribeanimplementatiorof the MessagdPassindnter-
face(MPI) onthe Portals3.0datamavementayer. Portals3.0provideslow-level
building blocksthatareflexible enoughto supporthigherlevel messag@assing
layerssuchasMPI very efficiently. Portals3.0is alsodesignedo allow for pro-
grammablenetwork interfacecardsto offload messag@rocessingrom the host
processaorWe will describethe basicbuilding blocksin Portals3.0, shav how
they canbe puttogetherto implementMPI, anddescribethe protcolsof an MPI
implementationWe will look atseveralkey operationsvithin anMPI implemen-
tationanddescribeheeffectsthata Portals3.0implementatiorhason scalability
andperformance.

1 Introduction

The adwent of clustercomputinghasmotivatedmuch researchinto messagepassing
APIs and protocolstargetedfor delivering low-lateng high-bandwidthperformance
to parallelapplications Relatively inexpensve programmablaetwork interfacecards
(NICs), like Myrinet [1], have madelow-level messag@assingprotocolsandprogram-
ming interfacesa popularareaof research2—8]. Most of theseactivities have been
focusedondeliveringlatengy andbandwidthperformancescloseto the hardwarelim-
itationsaspossible.

The currentPortals[9, 10] datamovementinterface (Portals3.0) is an evolution
of networking technologyinitially developedfor large-scaledistributedmemorymas-
sively parallelsystemsPortalsheganasa key componenbf our lightweightcompute
nodeoperatingsystemg11,12], andhasevolvedinto a programmingnterfacethatcan
be implementedefficiently for differentoperatingsystemsand networking hardware.
In particular Portalsprovidesthe necessanpuilding blocksfor higherlevel protocols
to beimplementecbn programmabler intelligent network interfaceswithout provid-
ing mechanismghat are specificto eachhigherlevel protocol. This paperdescribes
how thesebuilding blocksandtheir associatedemanticxanbe combinedto support
the protocolsneededor a scalablehigh-performancémplementatiorof the Message
Passinginterface(MPI) Standard13].
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The restof this paperis organizedasfollows: In the next section,we give a brief
overview of the Portals3.0 API. In section3, we presenthe initial implementatiorof
MPI on Portals3.0. Section4 describesa problemthat we encounteredvith this im-
plementatiorandSection5 describes secondmplementatiorof MPI thatusesa new
semanticaddedto Portalsto overcomethis limitation. We briefly discussthe benefits
of ourimplementatiorwith respecto progressn Section6 andconcludein Section7
with summaryof thekey pointsof this paper

2 Portals3.0

ThePortals3.0API is composeaf elementanpuilding blocksthatcanbecombinedo

implementa wide variety of higherlevel datamovementlayerssuchasMPI. We have

triedto definethesebuilding blocksandtheir operationsothatthey areflexible enough
to supportotherlayersaswell as MPI, but MPI was our main focus. The following

sectiongdescribePortalsobjectsandtheir associatedunctions.

The Portalslibrary providesa processwith accesdo a virtual network interface.
Eachnetwork interfacehasan associatedPortaltable that containsat least64 entries.
Thetableis simply indexedfrom 0 to n— 1, andthe entriesin the tablenormally cor
respondo a specifichigh-level protocol.Portalindexesarelik e port numbersn Unix.
They provide a protocolswitchto separatenessagemtendedfor differentprotocols.

Datamovementis basedon one-sidedoperationsOtherprocessesanusea Por
tal index to read(get) or write (put) the memoryassociateavith the portal. Eachdata
movementoperationinvolvestwo processeghe initiator andthetarget. In a putop-
eration,the initiator sendsa put requestcontainingthe datato the target. The target
translateghe Portaladdressingnformationusingits local PortalstructuresWhenthe
requesthas beenprocessedthe target may sendan acknavledgementln a get op-
eration,the initiator sendsa get requestto the target. The target translateghe portal
addressingnformation usingits local Portal structuresand sendsa reply with the re-
questediata.

Typically, one-sidedperationsiseatriple to addressemotememory:(processd,
buffer id, offsed. In addition, portal addresseinclude a set of matchbits. Figure 1
presents graphicalrepresentationf the structuresusedto translatePortaladdresses.
The processd is usedto routethe messagéo thetargetnode.The buffer id is usedas
anindex into the Portaltable,this identifiesa matchlist. Thematchbits (alongwith the
id of theinitiator) areusedto selecta matchentry (ME) from the matchlist. Thematch
entry identifiesa list of memory descriptors.The first of theseidentifiesa memory
region andanoptionaleventqueue.

The matchentriesin a matchlist aresearchedn sequentiabrder If a matchentry
matchegherequestthe first memorydescriptorassociatavith the matchentrywill be
testedfor acceptancef the messagelf the matchentry doesnot matchthe message
or thememorydescriptorejectsthe messagehe messageontinuedo the next match
entryin thelist. If thereareno furthermatchentriesthemessages discarded.

Memory descriptordMDs) have a numberof optionsthat canbe combinedto in-
creaseheir utility. They canbeconfiguredo respondo putoperationsgetoperations,
or both. Eachmemorydescriptorhasa thresholdvaluethat determinesow mary op-
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erationscan occur beforethe descriptorbecomednactive. In addition,eachmemory
descriptorhasan offset value which can be managedocally or remotely Whenit is
managedocally, the offsetis increasedy the lengthof eachmessag¢hatis deposited
into thememorydescriptorConsecutre messagewill be placedin theusers memory
oneafterthe other Memorydescriptorsanspecifythatanincomingmessagavhichis
largerthantheremainingspacewill betruncatedr rejected.

Memorydescriptorsanbechainedogethetto form alist. Moreover, eachmemory
descriptorscan be configuredto be unlinked from the list whenit is consumedi.e.,
whenits thresholdbecomegzero).Whenthelastdescriptorin thelist is consumedind
unlinked, the associatednatchentry alsobecomesnactive. Eachmatchentry canbe
configuredto unlink whenit becomesnactie.

The decisionto generatean acknavledgementn responsdo a put operationre-
quiresinput from both the initiator and the target. The initiator must requestan ac-
knowledgemenandthe memorydescriptomusedin theoperatiormustbe configuredo
generatanacknavledgment.

Memory descriptoramay have an associate@vent queue(EQ). Eventqueuesare
usedto recordoperationghat have occuredon memorydescriptorsMultiple memory
descriptorcansharea singleeventqueue but amemorydescriptomayonly have one
eventqueue.

Therearefive typesof eventsthat representhe five operationghat canoccuron
amemorydescriptor A PTL_EVENT_GET eventis generatedvhena memorydescriptor
responddo a getrequestA PTL_EVENT_PUT eventis generatedvhena memoryde-
scriptoracceptsa put operation A PTL_EVENT_SENT eventis generatedvhenit is safe
to manipulatethe memoryregion usedin a put operation. A PTL_EVENT_REPLY event
is generatedvhenthe reply from a get operationis storedin a memorydescriptor A
PTL_EVENT_ACK eventis generatedvhen a acknavledgementarrives from the tarmget
processlin additionto the type of event, eachevent recordsthe stateof the memory
descriptoratthetime theeventoccurred.

3 Initial MPI Implementation

In this section,we describeour MPI implementatiorfor Portals3.0. Thisimplementa-
tion is a port of MPICH [14] version1.2.0,which usesa two-level protocolbasedon
messagsizeto optimizelateng for shortmessageandbandwidthfor largemessages.
In additionto messagesize, the differentprotocolsare usedto meetthe semanticof
thedifferentMPI sendmodes.



We usethe matchbits provided by Portalsto encodethe sendprotocol (3 bits),
the communicator(13 bits), the local rank (within the communicator)of the sending
procesg16 bits) andthe MPI-tag (32 bits). During MPI _I ni t (), we setup threePortal
tableentries.Thereceive Portal is usedfor receving MPI messages heread Portal is
usedto for unexpectedmessagen thelong messag@rotocol. The ack Portal is used
for receving acknavledgementdor synchronousnodesendsWe alsoallocatespace
for handlingunexpectedmessageghe implementationof which we describebelow.
After thesestructureshave beeninitialized, all of the processe thejob call abarrier
operationto insurethatall have beeninitialized.

3.1 Short Message Protocol

LikemostMPI implementationsye useaneageprotocolfor shortmessageéstandard
andreadysends)Theentireuserbufferis senimmediatelyand“unexpectednessages”
(wherethereis no pre-postedeceve) arebufferedatthereceier.

For standardsendswe allocatean MD to describethe userbuffer andan EQ as-
sociatedwith the MD. We configurethe MD to respondto put operationsandsetthe
thresholdo one.We createanaddresstructurehatdescribeshe destinatiorandfill in
the matchbits basedon the protocoland MPI information.Using the Portal put func-
tion, we sendthe MD to thereceive Portal of the destinationprocessrequestinghat
no acknavledgemenbe sent.This sendis completewhenan eventindicatingthatthe
messagéasbeensentappearsn theEQ.

For synchronousendswe needto know whenthe messagés matchedwith a re-
ceive. We startby allocatinganMD andan EQ asdescribecearlier Next, we build an
ME thatuniquelymatcheghis messageThis ME is associatedvith the MD allocated
in the previous stepandattachedo the local ack Portal. We configurethe MD to re-
spondto acknavledgementgand put operationsandsetthe thresholdo two. Whenthe
Portal put operationis called,we requestan acknavledgmentandinclude the match
bits for the ME in 64 bits of out-of-banddata,calledthe headedata.

Completionof a shortsynchronousnodesendcanhappenin oneof two ways. If
the matchingreceve hasbeenposted,an acknaviedgments generatedy the remote
memorydescriptorasillustratedin left sideof Figure?2. If the matchingreceie is not
postedthe messagés buffereduntil the matchingreceve is posted At this point, the
receverwill sendanexplicit acknavledgmenimessagesingthe Portalput operation,
asillustratedon theright side of Figure2. A shortsynchronousnodesendcompletes
whenthePTL_EVENT_SENT eventhasbeernrecordedandeitherthe PTL_EVENT_ACK event
or the PTL_EVENT_PUT eventhasbeenrecorded.

3.2 Long M essage Protocol

Unlike mostMPI implementationsye alsousean eagerprotocolfor long messages.
Thatis, we sendlong messageassuminghattherecever hasalreadyposteda match-
ing receve. Becausdhe messageould be discardedyve alsomake it possiblefor the
receverto getthe messagevhenit finally postsa matchingreceve.

We startby insertingan ME that uniquely describeghis sendon the read Portal.
We createanMD thatdescribesheuserbuffer. This MD is configuredo respondo put
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Fig. 2. ShortSynchronousendProtocol:ExpectecandUnexpected

operationsgetoperationsandackoperationsSinceall of threeof thesemayoccur, we
settheMD’ s thresholdto three.We thenattachthe MD to the ME. We setthe protocol
bits in the matchbits for a long sendandfill in the othermatchbits appropriatelyWe
call the Portal put function, requestingan acknavledgmentandwe includethe match
bits of the ME in theheadedata.

As with the shortsynchronousnodesendsthelong sendprotocolcancompletein
oneof two ways.First, if the messagés expectedat the recevver, anacknavledgment
is returned.In this case,the event queuewill containa PTL_EVENT_SENT eventanda
PTL_EVENT_ACK event.After thesetwo eventshave beenrecordedthesendis complete.
Thisis illustratedon theleft sideof Figure3.

Sender Receiver Sender Receiver
— Data

T Ack —= Data

----= Ack
= Read request
PTL_EVENT_SENT PTL_EVENT_SENT
e

PTL_EVENT_PUT - | PTL_EVENT_PUT
L L
PTL_EVENT_ACK PTL_EVENT_ACK

PTL_EVENT_REPLY|

PTL_EVENT_GET

Fig. 3. Long StandardMode Send:Expected Unexpected

If the messagavasnot expectedanacknavledgments returnedto the senderin-
dicating that the recever acceptedzero bytes. The sendemustthenwait for the re-
ceiverto requesthe datafrom the senders readPortal.In this case threeeventsmark
the completionof the send:a PTL_EVENT_SENT event, a PTL_EVENT_ACK event,anda
PTL_EVENT_GET event.This s illustratedon theright sideof Figure3.

Sincethe completionof this sendprotocolis dependenbn a matchinguserbuffer
being postedat the recever, this protocol is the samefor standardmode and syn-
chronousnodesendsMoreover, thereadymodesendfor long messagess identicalto
ashortstandardnodesend.Sincethe MPI semanticguarantee¢hata matchingbuffer
is postedat the recever, the sendemeednot wait for an acknavledgmentor setup an
entryonthereadPortal.



3.3 Posting Receives

Postingareceve involvestwo lists: the postedreceive list andthe unexpectedmessage
list. The unexpectedmessagéist holds messagesor which no matchingreceve has
beenposted.Beforea receive canbe addedto the postedreceie list, we mustsearch
the unexpectedlist. Figure 4 illustratesthe matchlist structurewe useto represent
thesetwo list. Thislist startswith entriesfor the postedreceives(no entriesareshown),
followedby amark entrythatseparatethetwo lists, followedby entriesfor unexpected
messages.

Match Entries  Memory Descriptors Event Queues Memory Regions
Preposted

Receives

[Short Message
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IShort Message
Unlink
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Unexpected Match Any

Messages

Unexpected|
Message
Event Queut

[Short Message
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Match Any. Truncate

No Ack

Fig. 4. MessageéReceptionn thelnitial Implementation

Whenaprocessallsan MPI receve, we createa memorydescriptorthatdescribes
theuserbuffer. The MD is configuredto acceptput operationsgenerateacknavledge-
ments,unlink whenused,and is given an initial thresholdof zero (making the MD
inactive). Thecommunicatord, sourcerankwithin thecommunicatarandmessagéag
aretranslatednto matchbits. We usethesematchbits alongwith the MD to build an
ME whichis insertedustin front of the mark entryin the matchlist.

Next, we searchthe unexpectedmessages$or a match.If no matchis found we
activatethe MD by settingits thresholdto one (this test and updateis atomic with
respecto thearrival of additionalunexpectednessages)f we find amatch,we unlink
the ME from the matchlist andtake the appropriateactionbasedon the protocolbit in
themessagdf themessagés along protocolmessageye actvatetheMD andperform
a Portalgetoperationwhich readsthe sendbuffer from the senderlf the messagés a
shortprotocolmessageywe simply copy the contentsof the unexpectedbuffer into the
users receve buffer. If the headerdatain the eventis nonzero this indicatesthatthe
sendis synchronousln this case we senda zero-lengthmessagdo the ack Portal at
thesendeusingthe Portalput operation.



4 Limitations

Whenthe MPI library is initialized, we createtwo matchentries,onefor unexpected
shortprotocolmessageandanotherfor unexpectedong protocolmessaged.-hematch
entry for shortmessagesvill matchary messagehat hasthe short messageit set.
Thereare1024memorydescriptorsattachedo this matchentry. EachMD providesan
8 KB memorybuffer, hasathresholdof one,is configuredo acceptut operationsand
doesnot automaticallygeneratean acknavledgment.The matchentry for long unex-
pectedmessagebasanMD of zerobyteswith aninfinite thresholdhatis configuredo
acceptandtruncateput operationsandautomaticallygeneratean acknaviedgmentAll
of the MD’ sfor unexpectednessageareattachedo the sameeventqueueto presere
messag®erdering.This eventqueues createdvith 2048entries.

Despitebeingableto support1024 outstandingunexpectedshortmessageat any
time, this limitation provedto betoo restrictive in practice,especiallyasapplications
scaledbeyond 700 processesOur applicationdeveloperstypically think of limits in
terms of the messagesizesratherthen messagecounts.In our implementation.an
unexpectedmessagef 0 byteswould consumean8 KB memorydescriptor To anap-
plicationdeveloper this messagshouldnt consumeary buffer spaceatall. Moreover,
in aNIC-basedmplementation1024MD’ s consumes significantamountof alimited
resourceNIC memory leaving fewer MD’ s for postedreceves.

5 Second Implementation

To addresgheseproblems,an additionalthresholdsemanticwas addedto MDs. An

MD could be createdwith a maximum offset, or high-water mark. Oncethis offset
was exceededthe MD would becomeinactive. Figure 5 illustratesour new strateyy
for handlingshort protocol unexpectedmessagesie now createthreematchentries
for unexpectedshortmessagesall with identical selectioncriteria. EachME hasan
MD attachedo it thatdescribesa 2 MB buffer. As unexpectedmessagesomeinto

the MD, they are depositecone after the otheruntil a messageauseshe maximum
offsetto beexceededWhenthis happensthe MD is unlinked,andthe next unexpected
shortmessagevill fall into the next shortunexpectedMD. Onceall of the unexpected
messageblave beencopiedout of theunlinkedMD, the ME andMD canbeinsertedat
theendof theshortunexpectedViE’s.

This new strateyy allows for the numberof unexpectedmessageto be dependent
on spaceratherthan count. It alsoreduceghe numberof MD’s for shortunexpected
messagew three significantlyreducingtheamountof NIC resourcesequiredoy MPI.
Thehandlingof postedecevesandunexpectedong protocolmessagedid notchange.
This semanticchangeo Portalseliminatedthe needfor lists of memorydescriptorsso
the API waschangedo allow only a singlememorydescriptompermatchentry.

6 Progress

Unlike mostMPI implementationglescribedn currentliterature[15-18], the seman-
tics of Portals3.0 supportthe necessaryprogressenginefor an MPI implementation
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without the needfor explicit applicationintervention.Portals’flexible messageelec-
tion semanticandthe useof eagermprotocolsallow communicatioroperationgo make
progressndependenbf makingfrequentMPI library calls. While progresof Portals
messagess dependenbn the underlyingtransportiayer, NIC-basedmplementations
areableto supportprogresdor Portals,andhenceMPI, without any othermechanism,
suchasauserlevel thread.

7 Summary

This paperhasdescribedanimplementatiorof MPI on the Portals3.0 datamovement
layer We have illustratedhow Portals3.0 providesthe necessarpuilding blocksand
associatedsemanticgo implementMPI very efficiently. In particulay thesebuilding
blockscanbe implementedn intelligent network interfacesto provide the necessary
protocol processingor MPI without being specificto MPI. The implementationde-
scribedin this paperhasbeenin productionuseon a 1792-nodeAlpha/Myrinet Linux
clusterat SandiaNationalLaboratoriedor morethantwo years.
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